The spontaneously broken time reversal symmetry can lead to the formation of an energy gap in the Dirac spectrum of the surface states of a topological insulator (TI) which can consequently give rise to a variety of interesting phenomena potentially useful for spintronics. In this work, we couple a non-magnetic TI to a high Curie temperature T C magnetic insulator to induce strong exchange interaction via the proximity effect. We have successfully grown 5 quintuple layer thick ternary TI (Bi x Sb 1-x ) 2 Te 3 films on atomically flat yttrium iron garnet (YIG) film with the combination of molecular beam epitaxy and pulsed laser deposition, in which the Fermi level position relative to the Dirac point is varied by controlling the Bi:Sb ratio. The anomalous Hall effect (AHE) and suppressed weak antilocalization (WAL) measured under out of plane magnetic fields reveal that the TI surface in contact with YIG is magnetized. Our high-quality (Bi x Sb 1-x ) 2 Te 3 /YIG heterostructure provides a tunable system for exploring the quantum anomalous Hall effect (QAHE) at higher temperatures in TI-based spintronic devices. C Breaking the time reversal symmetry (TRS) of a topological insulator (TI) opens up a mini-gap of the Dirac surface states and can lead to many interesting novel phenomena, such as the quantum anomalous Hall effect (QAHE), 1 topological magneto-electric effects, 2 and image magnetic monopoles. 3 The spontaneously broken TRS states are formed by introducing a ferromagnetic order in TI, which can usually be achieved with two experimental approaches: (1) random doping of transition metal elements (i.e. Fe, Mn, Cr or V), as successfully demonstrated in diluted magnetic semiconductors (DMS); (2) coupling the TI material with a magnetic insulator (MI) so that the surface states become ferromagnetic owing to the direct Heisenberg exchange interaction. In both cases, it is expected that an exchange gap opens up in the Dirac surface states. Obviously, doping a TI compound with transition metal atoms is a more straightforward and convenient way to reach the goal. Indeed, QAHE has been demonstrated in Cr-or V-doped (Bi x Sb 1-x) 2 Te 3 samples by several groups in the past three years. [4] [5] [6] [7] In those materials, the QAHE phenomenon only occurs at temperatures two orders of magnitude smaller than the Curie temperature of the ferromagnetic transition. In randomly doped materials, not all spins are exchange coupled to form a uniform ferromagnetic phase. It is possible that non-uniformly distributed magnetic impurities play a role in preventing the QAHE state from appearing at higher temperatures. To avoid random magnetic impurities, here we use a heterostructure consisting of a 3D TI and a magnetic insulator (MI), in which the broken TRS only occurs at the interface without disturbing the bulk states or causing any current shunting. More importantly, there are many available MIs with a wide range of transition temperatures, including ferrimagnets such as YIG (Tc∼550 K ), 8 ferromagnets such as EuS (Tc∼16.5 K) 9 and EuO (∼77 K), 10 and antiferromagnets such as BiFeO 3 (T N ∼640 K ), 11 which could offer a wide range of exchange coupling strength with TI. It is worth mentioning that commonly used ferromagnetic materials (Fe, Co and NiFe) are metallic and active, which are not suitable to form good heterostructures with TI. First, it is difficult to grow high quality metals on top of a TI due to intermixing between TI and metal atoms at the interface. As a result, deposition of ferromagnetic metals on TI can significantly alter the structure and physical properties of both TI and magnetic materials. 12 Second, the resistivity of TI compounds is usually one to two orders of magnitude larger than that of ferromagnetic metals. Therefore, the conduction is dominated by the adjacent metal layers.
In this work, we choose YIG, a MI with a large band gap (∼2.85 eV) as an under-layer to form the heterostructure with (Bi x Sb 1-x ) 2 Te 3 TI compounds. After a complex optimization of thin film heterojunction growth, we successfully demonstrate that high-quality 5 QL thick (Bi x Sb 1-x ) 2 Te 3 films can be grown on atomically flat YIG substrates. The heterostructure of TI on YIG is characterized by various analytical techniques. With transport measurements, we confirm the proximity induced ferromagnetism at the TI surface, as revealed by the anomalous Hall effect (AHE). Furthermore, by varying Bi:Sb ratio in (Bi x Sb 1-x ) 2 Te 3 /YIG heterostructures grown under the same condition, both longitudinal and AHE resistivities could be systematically tuned. Despite large changes in both longitudinal and AHE resistivities while the Bi:Sb ratio is varied, the AHE conductivity remains approximately constant, suggesting that the AHE conductivity is almost independent of the Fermi level position. A comparison of the weak-antilocalization effect (WAL) in 5 QL TI-YIG, 20 QL TI-YIG and pure TI samples indicates that magnetic scattering occurs at the TI/MI interface, which becomes more visible in thin samples with reduced bulk conduction.
The YIG under-layer is a ∼20 nm single crystal film epitaxially grown on (111) gadolinium gallium garnet (GGG) substrate at 700
• C in a pulsed laser deposition (PLD) system. In the layer-by-layer growth mode, film quality and thickness are monitored by the reflection high energy electron diffraction (RHEED) pattern and its intensity oscillations. patterns taken before and after the YIG deposition. The consistency in the RHEED pattern strongly suggests the epitaxial growth of YIG film on the GGG (111) substrate. The post-growth annealing is performed in a separate furnace with oxygen flow, which is found to be favorable for smoother surface and larger magnetization. Atomic force microscopy (AFM) image of a typical ∼20 nm YIG film is presented in Fig. 1(b) , indicating a rms roughness of ∼0.15 nm over a 1 µm × 1 µm scan region. The extremely flat YIG surface is very favorable for constructing the heterostructures with thin TI films. Magnetization measurements with the magnetic field oriented in-plane and out-of-plane are taken with a vibrating sample magnetometer (VSM) at room temperature. VSM data of a representative YIG film is shown in Fig. 1(c) , suggesting well-defined in-plane magnetic anisotropy. The in-plane magnetic hysteresis loop shows a coercive field ∼2 Oe and the out-of-plane saturation field is located ∼2500 Oe. X-ray diffraction (XRD) results shown in Fig. 1(d) further confirm that YIG has an epitaxial relation with the GGG substrate in the (111) growth direction and no other phases are observed. These results indicate that our YIG film is of single crystalline quality and has atomically flat surface, which is important for preparing high-quality TI/MI heterostructures.
To form TI/MI heterostructures, atomic flat YIG (111) films are transferred to a ultra-high vacuum (< 5 × 10 −10 Torr) molecular beam epitaxy (MBE) chamber for (Bi x Sb 1-x ) 2 Te 3 TI compounds growth. In-situ high temperature annealing (600
• C, 60 mins) is performed for degassing prior to growth. As shown in Fig. 2(a) , the RHEED pattern is taken again in the MBE chamber to ensure the same excellent quality of YIG surface condition. The clear and well-defined RHEED pattern of YIG indeed excludes the possibility of sample degradation during transfer or annealing process. 5 QL (Bi x Sb 1-x ) 2 Te 3 film is then deposited on the YIG (111) substrate at 230
• C. For comparison, 20 QL Bi 2 Se 3 /YIG and Bi 2 Se 3 /Si are grown using the same procedures. Fig. 2(a) (right panel) is the in-situ RHEED pattern right after the TI growth. The sharp and streaky diffraction spots indicate a very flat surface and high quality crystalline TI film grown on YIG (111) substrate. Before it is taken out of the MBE chamber, the heterostructure sample is usually capped with a 5 QL epitaxial Te film on top as a passivation layer.
High single crystal quality (Bi x Sb 1-x ) 2 Te 3 thin film on YIG substrate is further verified by XRD on a 20 QL TI/YIG/GGG sample ( Fig. 2(b) ). The TI layer shows the (00l) type reflections along the growth direction and the Bragg peak positions of the TI layer on YIG agree very well with the reference. Except for the YIG/GGG (444) peak or the (001) peak of Te capping layer, no impurity phase is present. Strong Kiessig fringes are visible around the TI's (003) diffraction peak (not shown), indicating good (Bi x Sb 1-x ) 2 Te 3 surface and (Bi x Sb 1-x ) 2 Te 3 /YIG (111) interface correlation. Fig. 2(d) shows a typical cross-sectional high resolution transmission electron microscopy (HRTEM) image of 5 QL TI/YIG sample. The HRTEM image confirms that (Bi x Sb 1-x ) 2 Te 3 thin film grown on YIG maintains a good layered structure and the interface between TI and YIG is reasonably clean and sharp. The HRTEM image also supports the conclusion drawn from XRD data: YIG is a single crystal with the same orientation as that of GGG, the TI is grown along the c axis on the (111) surface of YIG and Te protection layer has an epitaxial relation with (Bi x Sb 1-x ) 2 Te 3 film.
As schematically depicted in Fig. 3(a) , for transport studies, the heterostructure sample TI/YIG is patterned into Hall bar structures (channel width of 100 µm and length of 900 µm) by standard photolithography and etched by the inductively coupled plasma. The Au/Ti contacts are deposited with an electron-beam evaporator. The four-terminal electrical transport measurements are taken in a Physical Property Measurement System over a wide range of temperatures down to 2 K and under perpendicular magnetic fields up to 14 T. It is noted that the YIG substrate layer is found to remain highly insulating (> 40 GΩ) after the TI film etch and device fabrication. Hence, the transport signal in TI/MI heterostructures originates from the TI without any contribution from possible shunting by the surface of YIG. level in (Bi x Sb 1-x ) 2 Te 3 /YIG allows us to probe the relative contribution to the electrical transport from the bulk and surface states. In Fig. 3(b) , the resistance of Bi 2 Te 3 (red curve) is much lower than that of the other two samples and shows a metallic behavior over the whole temperature range (300 K to 2 K). For the x=0.36 sample, R xx increases and has a weak insulating behavior as the temperature is decreased. However, for the x=0.24 sample, the resistance behavior is strongly insulating. The different behaviors in the temperature dependence along with the carrier concentration The proximity induced ferromagnetism is identified by the observation of the AHE in (Bi x Sb 1-x ) 2 Te 3 /YIG samples. Fig. 3(c) shows the nonlinear contribution to the total Hall data in three (Bi x Sb 1-x ) 2 Te 3 /YIG heterostructure samples with various Bi fractions, after the linear ordinary Hall background is removed. The shape of the nonlinear Hall signal in (Bi x Sb 1-x ) 2 Te 3 /YIG samples resembles that of the YIG out-of-plane hysteresis loop, although the saturation field varies slightly possibly due to the variation of the growth induced anisotropy of YIG films. Additional evidence and discussions could be found in Ref. 14. Hence, the nonlinear Hall signal originates from AHE, as a consequence of the induced ferromagnetic surface of the topological insulator in contact with YIG. 15 Such an AHE signal corresponds to the short-range magnetic proximity effect on the bottom metallic surface of TI film. More importantly, the AHE resistance exhibits a distinct difference in magnitude as shown in Fig. 3(c) . The inset of Fig. 3(c) is the AHE curve for Bi 2 Te 3 /YIG sample on a much smaller scale. The R AHE for x=0.24 sample shows a two-orders-of-magnitude enhancement compared with Bi 2 Te 3 /YIG, indicating that the more insulating sample (surface dominated) has larger AHE resistance. To further probe the relation between the ferromagnetic property (AHE) and electrical resistivity of TI/YIG samples, we calculate the AHE conductivity σ xy = ρ xy ρ 2 xx +ρ 2 xy and plot it as a function of magnetic field for different Bi fractions. As displayed in Fig. 3(d) , it is interesting that although both R AHE and R xx exhibit a strong dependence on x, σ xy is almost constant. In our samples, the Fermi level position relative to the Dirac point is varied by doping or x. Thus, the
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Jiang et al. AIP Advances 6, 055809 (2016) doping is a knob which controls both R xx in Fig. 3(b) and the corresponding R AHE in Fig. 3(c) . However, it is found that the anomalous Hall conductivity is relatively insensitive to the Fermi level of (Bi x Sb 1-x ) 2 Te 3 /YIG system. The electrons in topological surface states on the Dirac cone could acquire the π Berry phase, which results in a destructive interference and consequently leads to the WAL effect which has been observed in most TI materials. Nevertheless, this π Berry phase is vulnerable to spin-dependent scattering which breaks the TRS, i.e. the exchange interaction with magnetic add-layer on the topological surface (Fig. 4(a) ). 16, 17 As a result, the suppression of WAL effect is expected from magnetic scattering at the interface between TI and YIG. Fig. 4(b) shows the low-field magnetoconductance (MC) data of three 5 QL (Bi x Sb 1-x ) 2 Te 3 /YIG samples and two reference samples : 20 QL Bi 2 Se 3 /YIG and Bi 2 Se 3 /Si. The MC data of pure Bi 2 Se 3 on Si can be fitted very well by the Hikami-Larkin-Nagaoka formula 18 with the pre-factor indicating strong WAL signal for single coherent channel, consistent with the results of pure TI samples reported by other groups. [19] [20] [21] However, a clear WAL suppression is observed in 20 QL Bi 2 Se 3 /YIG. Since YIG is grown at ∼700
• C while TI is grown at ∼250
• C later, we do not expect any significant diffusion of Fe atoms to dope the TI to form the magnetic scattering center. Hence, the WAL suppression in TI/YIG heterostructure is a phenomena owing to the magnetic scattering strictly at the TI/MI interface, which is different from that in the Cr-doped TI 22 or Fe/TI sample. 23 Furthermore, a stronger magnetic proximity effect should occur in same heterostructure samples but with a thinner and more insulating TI layer. As also shown in Fig. 4(b) , the cusp-like MC signal is almost quenched in 5 QL (Bi x Sb 1-x ) 2 Te 3 /YIG samples, which are more bulk insulating. The dramatic change of the WAL effect in TI/YIG samples not only reveals its origin from the 2D topological surface states, also confirms the effect of the magnetic scattering at the TI/MI interface. 24 In summary, the proximity induced ferromagnetism in TI/YIG samples has been investigated via the AHE and the suppression of the WAL effect in high-quality 5 QL (Bi x Sb 1-x ) 2 Te 3 /YIG heterostructures. The most important advantage of such a system is that the TRS breaking happens at the interface between TI and MI without altering bulk states or introducing defects. More efforts will be made to further enhance the exchange coupling between TI and MI by improving the interface quality. A stronger exchange interaction will generate a larger topological gap on the TI surface, leading to the observation of QAHE at higher temperatures. 
